Three kinds of matrices (calcium alginate, gelatin, and PVA) were employed as supports to immobilize lipases from Y. lipolytica KKP 379 via physical adsorption. The stability of biocatalysts (free and immobilized) was evaluated by measuring the enzyme activity before and after treatment with the method based on the hydrolysis of p-nitrophenyl laurate. Two fractions of enzymes were immobilized: cell-bound (yeast biomass) and extracellular (supernatant). The yield of immobilization and catalytic properties of immobilized lipases were investigated. Satisfactory results for lipolytic activity and biocatalyst stability were obtained for cell-bound enzymes immobilized in alginate (0.38 U g -1 d.m.) and crosslinked gelatin (0.18 U g -1 d.m.). Immobilization of the supernatant was successful only on the alginate (0.026 U g -1 d.m.). After lyophilization, no significant difference was noticed between treated and untreated biocatalysts. Lyophilized catalysts were successfully immobilized in all three matrices, but the process reduced their lipolytic activity probably due to an insufficient amount of water in the reaction solution.
Introduction
Biocatalysts (enzymes and whole cells) are finding increasing applications because of the growing demand for biotransformations in the fine chemicals industry. These biocatalysts, which have high chemo-and stereospecificity, are particularly used in the pharmaceutical, agrochemical, and health care products industries 1 . Historically, enzymes have been used extensively in aqueous media, however, biotransformations in industrial synthesis often involve organic molecules insoluble in water. Over the past 25 years, studies have shown that enzymes can work in organic solvents, and recent advances in protein engineering and directed evolution aided in the development of enzymes that show improved activity in non-aqueous solutions 2, 3 . Lipases and esterases have received increasing importance in recent years because, for example 4, 5 , the organic solvent tolerant cells allow the production of biodiesel. Free lipases are also used in many other two-phase system biotransformations for production of optically active alcohols, acids, esters, and lactones 2 . A classic example is the use of lipase for the commercial production of (S,R)-2,3,-p-methoxyphenylglycyclic acid, an intermediate for diltiazem 6 , a calcium channel blocker used in the treatment of hypertension, angina pectoris, and some types of arrhythmia.
However, the use of enzymes has been limited because of their unstable nature. Industrial applications of biotransformations have become possible mainly due to the development of the immobilization techniques on solid matrices. The immobilization often protects enzymes from environmental stresses such as pH, temperature, salts, solvents, inhibitors, and toxins. Immobilization of cells containing specific enzymes has further advantages, such as elimination of long and expensive procedures for enzyme separation and purification. It is important to expand the application of enzymes by enabling easy separation and purification of products from reaction mixtures and efficient recovery of catalyst 7 . Microbial cells have been immobilized in several natural polymers like polysaccharides, e.g., alginates and proteins, e.g., collagen or gelatine. The main groups of synthetic polymers used for immobilization are acrylic polymers, vinyl polymers, amide polymers, polyurethanes, and conductive polymers. Mineral matrices have been also used, and these include ceramics or glass beads, alumina and sol-gel silica films 8 . One of the most frequently used enzyme tools in biocatalysis are lipases. Lipases (triacylglycerol ester hydrolases, EC 3.1.1.3) have many industrial applications. They catalyse the hydrolysis of triacylglycerol into glycerol and fatty acids 9 as well as esters synthesis in organic solvents 10 . Commercially useful lipases are commonly obtained from microorganisms that produce a wide variety of enzymes. Microbial lipases find many applications including organic synthesis and bioconvertions in the food and detergent industries, paper and oleochemical industries, cosmetics, medicine, and waste treatment 11, 12, 13 . The majority of commercially significant lipases are produced by Candida rugosa, C. antarctica, Aspergillus niger, Rhizomucor miehei and Rhizopus arrhizus 14, 15 . Lipases are produced intracellularly or extracellularly, although there is a wide range of cell wall -bound enzymes 16, 17, 18 . Free lipases are not favoured in industrial applications because it is difficult to recover the molecules for their reuse, and they have low stability. These drawbacks could be overcome by using cell-bound enzymes or by immobilization of enzymes on appropriate supports.
Yarrowia lipolytica is one of the most extensively studied "non-conventional" yeasts and due to its high lipolytic activity is often used for biotransformation 18 , e.g., synthesis of flavor compounds 19 . Lipases from Y. lipolytica are isolated intracellularly (cell-bound lipases) and extracellularly, so the culture supernatant and the yeast biomass can be both used as catalysts. Because most papers on the catalytic properties of lipases focus on extracellular lipases, we decided to examine the lipolytic activity of cell-bound lipases of Y. lipolytica as well. For this purpose, yeast biomass, which is the source of cell-bound lipases, was used as a catalyst. The activity of yeast biomass was compared with lipolytic properties of extracellular enzymes present in the supernatant, both in free and immobilized form. Immobilization was carried out on natural polymer bases: calcium alginate and cross-linked gelatin, and on a synthetic base of polyvinyl alcohol. The products of immobilization were applied as catalysts in the hydrolysis of lipophilic ester (p-nitrophenyl laurate).
Materials and methods

Materials
All medium ingredients were purchased from BTL (Łódź, Poland). All ingredients for immobilization were purchased from POCH (Poland). Sodium alginate Bio-Reagent was purchased from Sigma Aldrich (Poznań, Poland). p-Nitrophenyl laurate was synthesized in our laboratory 20 .
Microorganism
Y. lipolytica KKP 379 was purchased from the Collection of Industrial Microorganisms at Institute of Agricultural and Food Biotechnology in Warsaw. Yeast biomass was characterized by cell dry mass measured using the thermogravimetric method at 105 ºC and by the number of cells measured using plate method on YPG agar medium (2 % glucose, 1 % yeast extract, 2 % peptone, 2 % agar, pH 5.0) at 28 ºC for 72 h.
Culture media and yeast cultivation YPGO medium (2 % glucose, 1 % yeast extract, 2 % peptone, 2 % olive oil pH 5.0) was used for yeast cultivation. The medium was prepared with distilled water. The yeast was cultivated at 28 °C, 400 rpm in bioreactor BioFlo 3000 (New Brunswick Scientific, Germany). Aeration was at 0.2 vvm, the initial pH was 5.0, and the inoculum was 0.025 %. Inoculum was prepared as described by Fabiszewska et al. 21 Optical density (OD) was measured at 600 nm by the spectrophotometric method.
Measurement of lipase activity
The measurements of enzymatic activity were conducted using a modified spectrophotometric method described previously 22, 23 , which is based on hydrolysis of p-nitrophenyl laurate. Reactions were carried out in Erlenmayer flasks (100 mL) for 30 minutes. 0.3 mmol of substrate suspended in 2 mL of n-heptane was added whilst stirring vigorously to 1 g of yeast biomass suspended in 15 mL of distilled water or to a 15 mL of supernatant. Activity of the biomass of Y. lipolytica was measured using the standard curve and evaluated with standards of p-nitrophenol in concentration from 4.4 · 10 -3 M L -1 to 3.7 · 10 -4 M L -1 . One unit of enzyme activity was defined as the enzyme quantity that liberated 1 µmol of p-nitrophenol per minute under the assay conditions at 37 °C.
Measurement of water activity
The water activities of biomass and supernatant were checked at 18 ± 1 ºC using the instrument HygroLab3. This instrument is sensitive to the change in equilibrium relative humidity (ERH) around the sample, not directly to moisture content.
Lyophilization procedure
The cells and supernatant were frozen for 1 hour at -42 ºC, and lyophilized for 24 h using Christ Gamma 1-16 LSC lyophilizer, shelves 10 °C, at a pressure 63 Pa. Safety pressure was 103 Pa, protecting biological material from temperatures above -20 °C. The lyophilized yeast biomass and supernatant were stored in vacuum desiccators.
Immobilization procedure
Calcium alginate gel beads were prepared by dropping a mixture containing 15 mL of 4 % (w/v) sodium alginate and 1 g of wet yeast biomass (or 15 mL of supernatant) into 100 mL of 2 % CaCl 2 whilst stirring continuously. The beads were left to harden for 24 h in the same CaCl 2 solution before being washed with distilled water and stored at 4 °C.
The gelatin matrix was prepared by suspending 1.0 g cells (or 15 mL supernatant) in 15 mL aqueous solution of 20 % w/v gelatin and 2 % w/v sodium alginate at 36 °C. It was then mixed well and dropped into stirred cold 0.7 M calcium chloride solution. The formed composite beads were left to stand in the same solution for 1.5 h, and then washed with 0.05 M phosphate buffer pH 7.8. The alginate in the composite was leached until the composite was clear. The porous beads, containing yeast cells, cross-linked with 2 % v/v glutaraldehyde, were prepared in phosphate buffer for 2 h at 4 °C. The cross-linked porous beads were washed several times with cold distilled water.
The PVA matrix was prepared by suspending 1.0 g cells in 15 mL aqueous solution of 10 % w/v PVA (degree of polymerization 1800 ± 100) and 0.8 % w/v sodium alginate at 36 °C. They were then mixed well and dropped into stirred, saturated boric acid solution. The formed composite beads were stirred in the same solution for 4 h. The beads were washed several times with cold distilled water.
In the case of lyophilized material 0.3 g lyophilized biomass or 0.3 g lyophilized supernatant was dissolved in 0.5 mL distilled water and immobilized, according to the above procedures, in 12 mL matrices.
Statistical analysis
Statistical analyses of the results were performed in STATISTICA 10.0 (Statsoft, Poland). P-values with p ≤ 0.05 were considered statistically significant. The Shapiro-Wilk test was used to check if the populations were normally distributed, while Levene's test and the Brown-Forsythe test were used to assess the equality of variances for a variable calculated for groups. The significance test was chosen on the basis of the following criteria: the number of peer groups, the normality of the variables distribution and homogeneity of variance. With two comparative trials, t-test was used for variables with normal distribution and homogeneous variance or Welch's test for normally distributed variables and heterogeneous variance. For the analysis of more than two comparison groups, F-test was performed for variables with uniform variance or Kruskal-Wallis nonparametric test for variables with heterogeneous variance. The ANO-VA analysis and post-hoc Tukey test were also used.
Results and discussion
Lipolytic activity of yeast cells and supernatant during batch culture
It is known that lipolytic activity of Y. lipolytica is influenced by many factors, including: the type and concentration of the carbon source in the medium, the pH value of the culture, the oxygen partial pressure, the temperature of the culture and the amount of inoculum 24, 25 . Furthermore, cell activity is closely associated with the growth phase of microorganism. This is obviously related to the changing conditions during the period of the culture process 26, 27, 28 . For determination of the effects of immobilization on the activity of the yeast cells, the culture conditions were selected in order to ensure that the highest amount of biomass with the best lipolytic properties could be obtained. The impact of culture conditions on lipolytic activity of Y. lipolytica KKP 379 was previously investigated in shaken cultures 16 . In this study, the results described by Fabiszewska et al. 21 were repeated in a batch culture to evaluate lipase production efficiency at bioreactor scale. The biomass yield and OD 600 (optical density at 600 nm), as well as changes in pH level and oxygen consumption were determined during 70 h culture ( Fig. 1 and 2) .
The biomass yield increased during 48 hours, at which the stationary phase began and an inhibition of yeast cell growth occurred (Fig. 1) . This assumption can be confirmed through the analysis of changes in oxygen consumption, pH and OD 600 (Fig. 2) . After 24 hours of culture, an increase in the pH value was observed because of an accumulation of yeast metabolites in the medium. Nevertheless, intense exponential growth of biomass continued for up to 45 hours. After this time, the oxygen consumption decreased and pH ceased to grow, but remained at a high level (approximately 8) (Fig. 2) . The described changes indicated that the cells were in the stationary growth phase and their number was estimated at 8.42 log CFU mL -1 . The selection of optimum culture conditions was based on the analysis of extracellular lipase activity and activity of yeast biomass (cell-bound lipases), obtained during cultivation (Fig. 3) . The cel-lular activity ceased systematically during the logarithmic phase and was established at a relatively low level in the stationary phase. On the contrary, systematic increase in extracellular lipolytic activity (Fig. 3) , lasting up to 46 hours of culture, was noticed. After this time, a decline in extracellular activity was observed. This was probably due to the effect of extracellular lipases digestion related with the activity of alkaline proteases. At the same time, low oxygen consumption (Fig. 2) testified to the fact that the synthesis of the new enzyme was inhibited.
Taking these relationships into account, the biomass and the supernatant, after 40 h culture, were used for further immobilization and lyophilization. The activity of extracellular lipase was near optimum after this time. In the case of biomass, it was the choice between the lipolytic activity and the amount of yeast cells sufficient for immobilization. The results were compared with material from 70 h culture (stationary phase), in which both the cell-bound and extracellular activity were low. It allowed comparing the effects of lipase processing on the material derived from the various phases of yeast growth, i.e. the exponential phase and the stationary phase. hydrolysis under the influence of proteolytic enzymes, which were secreted outside the cells and found in the supernatant. This may be caused by easy transition of gelatin from gel to sol, under the influence of water (swelling phenomenon). Also, in the case of PVA, decomposition occurred under the influence of water contained in the supernatant. This is due to the high hydrophilicity of the polymer. Changes in catalyst activity taking place under the influence of the immobilization process were also illustrated by the results of immobilization yield (Table 1 ) defined as the ratio of the activity of immobilized enzyme to the activity of the free enzyme used 29 . The results revealed that the decrease in activity was observed for the alginate -immobilized supernatant from 40 h and for gelatin-immobilized biomass (Fig. 4) . However, in the case of alginate and gelatin-immobilized biomass immobilization, yield is higher than 100 %, which indicates an increase in lipase activity (Table 1 ). The differences resulted probably from the type of applied matrix and its quantity. The amount of lipase immobilized on a carrier was limited because the porous sites at the carriers were saturated. If the support amount was too high, then the lipase molecules seemed to maximize the contact with the surface of support, which may result in a change in lipase conformation and consequently, in reduced activities. However, if a support amount was too low, multilayer adsorption might have occurred and effectively inhibited access to the enzyme active sites 30 .
Effect of lyophilization on lipolytic activity of immobilized biocatalyst
Lipases are mainly involved in biotechnological production of esters based on the esterification reactions, transesterification, alcoholysis or acidolysis 31, 32, 33, 34 which can be carried out in non-aqueous organic solvents. Conducting the reaction in organic solvents, with the participation of whole-cell catalysts entails cell dehydration, which can be achieved through lyophilization. Moreover, storing of supernatant absorbs costs and is troublesome because of the mean size of the stored material. Storage in the lyophilized form is easier and more practical, if this way of processing does not affect the activity of the biocatalyst.
Some eukaryotic cells, yeast in particular, are known to contain water in different forms -free, bound, and isolated mobile water (IMW). In the process of lyophilization, when cells lose more than 80-85 % of their water, they pass to a state of anabiosis, which increases cell survival under harsh conditions. Lyophilized yeast cells still contain a certain amount of water, which is bond in various cellular structures -freeze-drying does not lead to disintegration of cellular structures, so all cell organelles are sufficiently separated to function normally 35 . This amount of water is sufficient to provide catalytic activity of lipases, which act at the interface. The effectiveness of freeze-drying is expressed by the water activity (a w ) in the formulation. The water activity in the biomass and the supernatant was 0.132 and 0.140, respectively, after lyophilization.
The hydrolytic activity of the lyophilized material (from 40 h batch culture of Y. lipolytica yeast) was compared with the activity of the equivalent amount of non-lyophilized catalysts (Table 2) . Therefore, the lyophilized forms were prepared and immobilized. Activity of the free supernatant was translated from U mL -1 on U g -1 d.m., taking into account the percentage of dry matter equal to 2.7 %, that is why its value exceeds 2 U g lyophilized supernatant showed comparable lipolytic activity than non-lyophilized material (Table 2) . Lyophilization of the supernatant seems to be more advantageous than using a freeze-dried yeast biomass (with respect to 1 g of biocatalyst) due to the low biomass yield in comparison to the amount of biocatalyst and its activity. The activity of extracellular lipases was the highest at 40 h of culture (Fig. 3) , while the activity of the biomass was the highest at 24 h (at the beginning of log phase) and then decreased (Fig. 3) . In our experiment, the biomass and the supernatant were used from 40 h of culture.
The lyophilized yeast biomass was immobilized on the aforementioned matrices and assayed its activity in the hydrolysis reaction (Fig. 5) . Freeze-drying of yeast cells, prior to immobilization, decreases the activity of the immobilized enzymes and the lowest activity of cell-bound lipases was observed for gelatin matrices (Fig. 5a ). This situation was probably due to an insufficient amount of water in the reaction medium.
Supernatant was also subjected to lyophilization and then immobilized in the same matrices (Fig. 5b) . The lyophilized supernatant was successfully immobilized on all three polymers. The reason for this could be a reduction in the amount of water in the reaction medium (15 mL in the case of crude supernatant to 0.5 mL in the case of lyophilized). In addition, lyophilization process may stabilize proteolytic enzymes, thus limiting their adverse effect on the gelatin 36 . It should be noted that the catalytic activity of the immobilized supernatant dropped due to lyophilization but no differences were seen, according to matrices used for biocatalyst immobilization (Fig. 5b) .
Analysis of the repeated use capability of immobilized biocatalysts
It is well known that immobilization process facilitates reactions (including the separation of the reactants from the catalyst) and allows the recycling of the catalyst (continuous process) 37 . Therefore, in order to evaluate the reusability of the biocatalyst, hydrolysis reactions were carried out with already used catalysts. The results of the experiment are given in Fig. 6 .
The immobilization of microbial cells by entrapment in gels, such as calcium alginate and gelatin, is a well-known technique. However, some authors claim that the entrapment of enzymes in these gels was not very efficient, because such biocatalysts leak out over time due to the matrix having large pores 38, 39 . Our results reaffirm this thesis. The activity of the immobilized biomass in both alginate and gelatin in the second reaction cycle significantly decreased. The catalyst entrapped in the matrix of PVA was not able to be used for a second time because during the first reaction, the beads mass increased due to adsorption of large quantities of water. As a result of this process, the beads lost their original hardness and disintegrated or devaluated in a homogeneous mass. The decrease in activity of the catalyst in subsequent cycles of the reaction may have been caused by the insufficient mechanical stability of the beads, which was estimated on the basis of their weight loss during the subsequent reaction (Table 3 ). The results show that both the alginate and gelatin beads lost about 20 % of their weight in the first hydrolysis reaction. During the second repetition, the alginate beads were stable and did not decompose, whereas the gelatin beads lost a further 10 % of their weight. The reason for the further weight loss in the gelatin beads may be the activity of proteases in the yeast cell.
The PVA-alginate beads that were fabricated by Anaye-Delgado et al. were characterized as highly elastic 40 but the measurement of the beads diameter was not taken into account because it F i g . changed after the beads were immersed in water (the beads swell in water). Continuous stirring with constant rpm was conducted for each run of the experiment 36 and differences were recorded in diameter and weight of their PVA beads before and after stirring. PVA-alginate beads immobilized baker's yeast invertase 24 had shown similar results, but in the study, the method was slightly different. Only the weight was recorded after the beads were dried in the desiccator.
Conclusion
The effect of immobilization on lipolytic activity of supernatant and biomass of Y. lipolytica yeast in raw and lyophilized form was investigated and the following conclusions were made. An interesting observation was made in relation with lipolytic activity of supernatant that the sharp maximum of activity was noticed at about the 48th hour of Y. lipolytica cultivation. The effect of immobilization on supernatant and biomass activities was compared. Satisfactory results for lipolytic activity and biocatalyst stability were obtained for yeast biomass (cell-bound enzymes) immobilized on biopolymers -alginate and crosslinked gelatin. The activity of the immobilized biomass on both alginate and gelatin in the second reaction cycle significantly decreased; unfortunately, this restricted their application. Lipolytic activities of supernatant which contained extracellular enzymes as well as biomass (a source of cell-bound lipases) were not affected by lyophilisation. It can be concluded that lyophilization of the supernatant seems to be more advantageous than using a freeze-dried yeast biomass (with respect to 1 g of biocatalyst) due to the low biomass yield in comparison to the amount of biocatalyst and its activity. Furthermore, lyophilized supernatant can be immobilized on supports, which are sensitive to the high water content in the biological material. The technique offers opportunities for the use of lyophilized biocatalysts in non-aqueous media, thereby increasing its usefulness in chemical synthesis run in organic solvents. 
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